Three coalescent-based methods allowed us to infer some aspects of the history of three Bulgarian Gypsies populations belonging to the Vlax linguistic group: the Lom, Rudari and Kalderas. We used several kinds of genetic markers: HV1 sequences of the maternally inherited mitochondrial genome and microsatellites of the paternally inherited Y chromosome and of the biparentally inherited chromosome 8. This allowed us to infer several parameters for men and women: the splitting order of the populations and the ages of the splitting events, the growth rate in each population and the migration rates between populations. Altogether, they enabled us to infer a demographic scenario that could explain the genetic diversity of Vlax Roma: recent splits occurring after the arrival in Europe, asymmetric migration flows especially for males and unequal growth rates. This represents a considerable contribution to the Vlax Roma history in comparison with the inferences from classical population genetics.
Introduction
The 8 -10 million European Roma (Gypsies) are best described as a mosaic of founder populations, the Gypsy groups, with common Asian origins supported by linguistic and cultural, 1,2 as well as genetic evidence. 3 A recent study of Y chromosome and mitochondrial DNA diversity 3 has
shown that the current genetic profile of the socially and geographically divergent Gypsy groups has been shaped by their migrations in Europe in the course of the last millennium, with genetic affinities reflecting to a large extent the linguistic classification into Balkan, Vlax and Western European Roma. Each of these large migrational/ linguistic categories comprises numerous socially and culturally defined endogamous groups. The Vlax Roma share several centuries of slavery in the Romanian-speaking lands north of the Danube river, the Wallachian Principalities (hence the term 'Vlax'). Their dispersal to other parts of Europe, and the rest of the world, has occurred in small groups of runaway slaves in the 17th -18th century, and two subsequent large migration waves -in the late 19th -early 20th century -after the abolition of slavery in Romania, and in the late 20th century, following the economic changes in Eastern Europe. Interest in the genetics of the Vlax Roma has resulted in the identification of several novel single gene disorders and private founder mutations, Hereditary Motor and Sensory Neuropathy types Lom 4, 5 and Russe, 6, 7 Congenital Cataracts Facial Dysmorphism Neuropathy Syndrome 8, 9 and galactokinase deficiency. 10, 11 A population genetic study of three groups of Vlax Roma 12 revealed limited diversity, with a single ancestral Y chromosome lineage shared by 73% of males. The Vlax Roma, who account for a substantial proportion of the overall Gypsy population, thus qualify among the most restricted founder popula-tions of Europe whose potential for the study of genetically complex disorders is still to be explored. At the same time, the possibility of internal differentiation, suggested by the uneven distribution of founder mutations 6, 8 and by data obtained from the analysis of the highly mutable Y chromosome minisatellite MSY1, 12 raises the need for further research into the population history of individual Vlax Roma groups.
In this study, we have used the new approaches based on coalescence theory, 13 
Statistical analysis
Classical population genetics methods These analyses were conducted using Arlequin Version 2001. 22 Intrapopulation diversity was assessed using expected heterozygosity H, the number of haplotypes k, the number of polymorphic sites S and the mean number of pairwise differences p.
The genetic structure of the populations was assessed using the AMOVA F st measure. 23 The number of pairwise differences and the Kimura two-parameters distance were employed in the analysis of mitochondrial sequences. For the analysis of microsatellite data, we used the number of different alleles and the sum of squared size differences between haplotypes (with the obtained F st values denoted F st and R st , respectively), the second being the only one to take the presumed evolutionary relationships between alleles into account. The demographic regime was inferred by using the Tajima, 24, 25 Batwing Y and 8q microsatellite data were analysed using Batwing Version 1.01 to estimate: (a) the population parameter y for the three populations altogether (2Mu, where u is the mutation rate and M is equal to N e -the effective size -for a uniparentally inherited gene and to 2N e for a biparentally inherited gene); (b) the total growth rate; (c) the time to the most recent common ancestor (TMRCA); (d) the parameters of the population 'supertree', namely the times of the splitting events, the identity of the populations that split and the proportional size taken up by each population. The program assumes that the populations under study have diverged from an ancestral population at different points in time, have the same growth rate (growth or stationarity can be assumed) and have not exchanged migrants after the splits. Both a constant size and a continuous exponential growth population model were tested. A generational interval of 30 years was assumed.
29
Fluctuate Mitochondrial sequences were analysed with Fluctuate Version 1.1. The program estimates the population parameter y and the exponential growth rate g (normalised by the mutation rate per site and per generation) in isolated populations. At any time t (in number of generations) in the past, the size of the population is assumed to be N ¼ N 0 e Àgt where N 0 is the present population size.
Migrate Migrate Version 1.2.4 was used to analyse mitochondrial sequences and Y and 8q microsatellites, and assess the parameter y i for each population i and the absolute number of migrants g ji from population j to population i (g ji ¼ N ei m ji ). It assumes populations of constant size, connected by constant asymmetric migration flows.
In the postanalysis of the output data, we assumed a mutation rate of 10 À5 or 10 À6 per site per generation for mitochondrial sequences (corresponding respectively, to estimates based on genealogical 30 -33 and on phylogenetical data 34, 35 ), and of 0.21% for microsatellites.
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Results
Intra-population diversity
The Rudari presented substantially lower Y chromosome diversity indices compared to the Lom and the Kalderas. In the Rudari group, the estimated heterozygosity for mitochondrial sequences was also particularly low (0.913), although indices obtained with the infinite sites model (S and p) were higher than those for the Lom and the Kalderas. Diversity analysis based on 8q microsatellites placed the Rudari halfway between the Lom and Kalderas. These results are shown in Table 1 .
Inter-population diversity
The observed pattern and intensity of genetic structure was related to the genetic system under examination ( 
Population fissions
Using the Y chromosome data and assuming a constant population size, the time to the most recent common ancestor (MRCA) estimated by Batwing was 17 000 years (95% CI 9800 -34 000). Under the assumption of demographic growth, the age of the MRCA was 14 000 years (8300 -26 000). The estimates, based on the Y chromosome data, of the time separating the present generation from the splitting events were identical for the two demographic models (growth and stationarity): 350 years (80 -900) for the first split and 100 years (3 -450) for the second split. Very similar results were obtained using the 8q microsatellite Vlax Roma population history R Chaix et al data, where the first split was estimated at 360 years (40 -1400) and the second at 150 years (8 -680) . While autosomal markers produced larger confidence intervals, the estimated dates of the population fissions were highly congruent. The Lom Gypsies appear to have split first. Using the Y chromosome data, their separation from the other Vlax Roma was evident in 75% (assuming population growth) to 80% (assuming constant size) of the supertrees represented, when the Markov process reached stationary distribution. The same configuration was observed in 43% of the supertrees generated from the chromosome 8q data for both demographic models.
Size of the founding populations Using Migrate, the effective female population size was estimated at 300, 300 and 2500, respectively, for the Lom, Rudari and Kalderas. The effective male population size was below 100 for all three populations, with the Rudari having the lowest size.
According to Fluctuate, the population estimator y was lower for the Rudari (0.040) than for the two other populations (0.076 and 0.104, respectively). The corresponding effective size of the female population obtained with equation (1) 
Demographic growth
The Tajima and Ewens-Watterson statistics did not show any evidence of size variation for any of the three populations (Table 3) ; however, such evidence was provided by Fu's Fs statistics for the Kalderas (P-value ¼ 0.001).
The P-value for the Lom sample was also low (0.028), but did not reach the 0.02 P-value corresponding, for the Fs statistics, to a level of significance of 0.05. 22 The mismatch distributions (Figure 1 ) of the Lom and Kalderas mitochondrial sequences were unimodal, with Pvalues obtained in the test of validity of the stepwise expansion model of 0.13 and 0.14, respectively. By contrast, the distribution was multimodal-like for the Rudari, with a P-value of 0.02. According to these results, the Lom and the Kalderas populations were expanding, whereas a constant size appears to characterise the Rudari.
Using Batwing, the absolute growth rate for all three Vlax Roma populations pooled together was 1.0022 per generation (1.00002 -1.011).
Using Fluctuate, the estimated exponential growth rate (normalised by mutation rate/site/generation) was lowest for the Rudari (87 (CI 6 -168)) and highest for the Kalderas (293 (185 -401)), with the Lom Gypsies taking an intermediate position (143 (63 -224)). Assuming a mutation rate of 10 À5 per site and per generation, this translated into absolute growth rates per generation of 1.0009 (1.00006 -1.00168) for the Rudari, 1.0014 (1.00063 -1.00224) for the Lom and 1.0030 (1.00185 -1.00403) for the Kalderas. Figure 1 Mismatch distributions of mitochondrial sequences. The P-values of the validity test of the estimated stepwise expansion model were, respectively, 0.13, 0.02 and 0.14 for the Lom, the Rudari and the Kalderas.
Exchange of migrants
provided a clear indication that there was less male immigration than emigration in the Rudari, in terms of both the migration rate m or absolute number of migrants Nm. On the other hand, no clear pattern of migrations emerged from the analyses of mitochondrial DNA and chromosome 8q, where the confidence intervals were largely overlapping. However, these results have to be treated with caution because of the high variability between the estimates provided by the different runs (for the 10 runs performed on the Y chromosomes, the standard deviations of the estimated numbers of migrants ranged from 0.3 to 2.5, which are high values compared to means given in Table 4 ).
Discussion
Coalescence theory provides the tools for addressing the historical and evolutionary mechanisms resulting in a sample of genes observed today, and thus provides an insight into historical demography. 38 -40 Due to methodological problems and computational intensity, coalescence-based programs have become available only recently, 14 -19 and so far their application to the analysis of demographic parameters has been limited to very few studies. 41 -43 Therefore, before discussing the specific results of this study, it appears useful to comment on the new methods. The major limitation of coalescent-based approaches is the simplification of the population models: Batwing assumes an absence of migrants between subpopulations, Migrate estimates migration rates between stationary populations and Fluctuate assesses growth rates in isolated populations. Since the history of natural human populations is often more complex, the accuracy of the estimations in those populations is questionable. In our case, coalescent-based methods provided information that was consistent with non-genetic sources. Nevertheless, simulation studies as well as further research into real populations are needed for a rigorous assessment of the sensitivity of these methods to violations of the assumed models.
The three programs used in this study are still under development, and the current limitations do not allow the use of their full potential. The high computational requirements (with a long duration of each run on a powerful UNIX workstation) and high inter-run variability, especially in Migrate, highlight the difficulties related to the use of Monte Carlo Markov chains -the need for a very high number of iterations to obtain convergence 44 and the lack of simple criteria for convergence to the maximumlikelihood region. At the time of the study, Batwing and Migrate allowed only for the stepwise mutation model or a similar model in analysing microsatellite data. Although this model is widely used, it would be beneficial to have the possibility of assessing the impact of other mutation models on the estimates. Notwithstanding the existing limitations, coalescentbased methods increase greatly our ability to estimate demographic parameters. While the classical mismatch distributions and neutrality tests provide a general indication of population growth, Fluctuate allows the assessment of specific growth rates. The moment-based estimators developed to calculate the effective population size and migration rates from one-and two-locus identity measures 45 are based on assumptions of equal effective population sizes and symmetrical migration flows. By contrast, Migrate allows complete asymmetry of the system. Furthermore, in our study, the confidence intervals inferred from the coalescent-based approaches were often narrow enough to allow conclusions. In Migrate, the wide confidence intervals of the estimates could be explained by the fact that the 8q and Y loci are partially or totally linked, but the modes of the likelihood curves should not have been affected by this linkage. The main figures are the means of the modes of the likelihood curve for several runs (10 for the Y chromosomes, 18 for mitochondrial DNA, seven for chromosome 8). Between parentheses are the 95% confidence intervals. L ¼ Lom; R ¼ Rudari; K ¼ Kalderas.
Vlax Roma population history R Chaix et al
The use of the three complementary coalescent-based methods allowed us to outline a demographic scenario that can explain the present genetic structure of the Vlax Roma and the historical relationships between the individual Vlax groups (Figure 2) . During most of their history, the Lom, Rudari and Kalderas Gypsies have been part of a single ancestral population. The population splits are very recent in nature, as shown by Batwing, with a very good concordance between the results obtained with autosomal and Y chromosome microsatellites (although one should note that Batwing does not allow for recombinations and the data obtained with the chromosome 8 microsatellites should be treated with caution). Our results are also consistent with the age of the major Y chromosome lineage in the Vlax Roma, estimated previously at 400 -500 years. 12 The reasons behind the split of the original population into separate endogamous groups have been related by social anthropologists to Gypsy slavery in the Wallachian Principalities and Moldova, where the Roma were enslaved almost immediately after their arrival, around the 14th century. 46 Depending on the owner, slaves were divided into categories, with further subdivisions based on trade. 46 Our data suggest that the formation of the three Romani populations occurred later, in close coincidence with the migrations out of Wallachia. The results indicate that the Lom were the first to separate from the other two populations around 350 years ago, in agreement with the 'old Vlax' dialect spoken by this group, suggesting that the Lom derive from the run-away slaves leaving Wallachia in small groups in the 17th -18th centuries. The dating of the second division, between the Kalderas and the Rudari, correlates with the large migration wave after the abolition of slavery, in the late 19th -early 20th century. One should note, however, that the confidence intervals obtained do not allow a definitive distinction between the two scenarios.
The size of the founding populations appears to have been very small, with good agreement between the results produced by the three methods. The total effective population size, estimated by Migrate on the chromosome 8 data, was about 250 for each group. The effective male population size was about 100 for each group according to Migrate, and about 350 for the three groups pooled together according to Batwing. For the effective female size, the estimates provided by Migrate and Fluctuate ranged from 300 to 2500, depending on the population. Information on the historical demography of individual Romani groups is extremely limited, and we can compare the above results only to the 1893 census for Transylvania, where the reported size of individual Rudari and Kalderas groups was in the same range: about 2000 individuals each. 47 Demographic growth was assessed using classical as well as coalescent-based methods, with essentially similar results (Figure 1) Figure 2 Historical demography of the Vlax Roma, as inferred by coalescent-based methods from current genetic diversity.
populations (from B1.5 to 1.9). However, in this other study, the growth rate was estimated from the analysis of frequency of disease alleles and allelic association with haplotypes surrounding the disease locus. Consequently, only the last 20 generations (the approximate estimated age of the disease alleles) were taken into account, whereas coalescent-based programs infer estimates averaged over the whole history of populations up to the TMRCA (in this case B15 000 years old).
The analyses performed with Migrate pointed to an asymmetrical flow of male migrants between the Rudari and the other two populations, with emigration far in excess of immigration. The observed pattern appears consistent with ethnological data. The Rudari emphatically distinguish themselves from all other Gypsy groups, have a preferred Romanian (not Romani) ethnic identity and speak an archaic dialect of Romanian, which has been interpreted as a means to highlight the distinction. 50 These attitudes are reflected in marriage patterns: the Rudari are strictly endogamous relative to other Romani groups, but declare the acceptance of intermarriage with non-Romani females. 50 The level of pairwise population differentiation (F st ) is consistent with the pattern of splitting events inferred by Batwing from the Y chromosome data: the last split involves Kalderas and Rudari, a pair of populations that show a very limited differentiation for Y chromosome microsatellites. For mitochondrial sequences, there is no clear relation between differentiation and splitting events, because other factors, such as migration flows, might have influenced genetic diversity.
In previous studies, 3 we have shown that the population history of the Roma is a string of bottleneck events, with current genetic profiles shaped by differential drift and admixture and carrying the imprint of migrations within Europe. The data that we present here characterise the Lom, Rudari and Kalderas as very young founder populations with a very small historical effective population size and generally slow subsequent demographic growth. This scenario is reflected in the limited genetic diversity, especially of male lineages, shown to be among the most restricted worldwide. 12 The smallest historical effective population size, stagnant demographic regime, and an asymmetrical flow of male migrants can explain the extremely limited diversity of the Rudari. These results place the Vlax Roma among the best candidates for research into the genetics of complex disorders. Since the populations split only very recently, it is unlikely that private polymorphism could exist in any of these populations for more stable markers, such as SNP, which are the result of unique mutation events. The data suggest that, despite their social divergence, the individual groups can be treated as a single young founder population, providing access to larger sample sizes of affected subjects and controls.
